To test the hypothesis that the proteins of thermophilic prokaryotes are subject to unusually stringent functional constraints, we estimated the numbers of synonymous and nonsynonymous nucleotide substitutions per site between 17,957 pairs of orthologous genes from 22 pairs of closely related species of Archaea and Bacteria. The average ratio of nonsynonymous to synonymous substitutions was significantly lower in thermophiles than in nonthermophiles, and this effect was observed in both Archaea and Bacteria. There was no evidence that this difference could be explained by factors such as nucleotide content bias. Rather, the results support the hypothesis that proteins of thermophiles are subject to unusually strong purifying selection, leading to a reduced overall level of amino acid evolution per mutational event. The results show that genome-wide patterns of sequence evolution can be influenced by natural selection exerted by a species' environment and shed light on a previous observation that relatively few of the mutations arising in a thermophilic archaeon were nucleotide substitutions in contrast to indels. H IGHLY thermophilic species, inhabiting environing) nucleotide substitutions by comparing 17,957 pairs of orthologous gene pairs from closely related species of ments where temperatures can exceed 100Њ, have been described for both domains of prokaryotic life Bacteria and Archaea. We compared 16 pairs of closely related Eubacteria (usually congeners) whose genomes (Woese et al. 1990), the Bacteria (or eubacteria) and the Archaea (or archaebacteria). Considerable interest have been completely sequenced, completely sequenced genomes from three genera of Archaea (inhas focused on understanding the mechanisms that make life possible under these extreme conditions (Brown cluding the thermophiles Pyrococcus and Sulfolobus), and sequences from partially sequenced genomes of and Lupas 1998). Both analyses of protein structures three thermophilic genera of Bacteria (Thermotoga, and genome-wide comparisons of amino acid composiThermoanaerobacter, and Thermus). tion have revealed widely shared characteristics of proWe estimated the number of synonymous nucleotide teins encoded by the genomes of thermophiles; these substitutions per synonymous site (d S ) and the number include the presence of surface ion networks, location of nonsynonymous nucleotide substitutions per nonsynof hydrophobic residues in partly surface-exposed posionymous site (d N ) between orthologous gene pairs. Betions, avoidance of thermally unstable amino acid resicause synonymous mutations are less likely than nonsyndues, and overall compact protein structure (Perutz onymous mutations to be selectively deleterious, d S 1978; Brown and Lupas 1998; Gromiha et al. 1999; between two related sequences is expected to reflect et al. 2002). The evident survival value selection at the amino acid level, a lower ratio implying conferred by adaptive protein features is expected to stronger selective constraint. result in strong purifying (conservative) natural selection on protein-coding genes of thermophiles.
H IGHLY thermophilic species, inhabiting environing) nucleotide substitutions by comparing 17,957 pairs of orthologous gene pairs from closely related species of ments where temperatures can exceed 100Њ, have been described for both domains of prokaryotic life Bacteria and Archaea. We compared 16 pairs of closely related Eubacteria (usually congeners) whose genomes (Woese et al. 1990 ), the Bacteria (or eubacteria) and the Archaea (or archaebacteria). Considerable interest have been completely sequenced, completely sequenced genomes from three genera of Archaea (inhas focused on understanding the mechanisms that make life possible under these extreme conditions (Brown cluding the thermophiles Pyrococcus and Sulfolobus), and sequences from partially sequenced genomes of and Lupas 1998). Both analyses of protein structures three thermophilic genera of Bacteria (Thermotoga, and genome-wide comparisons of amino acid composiThermoanaerobacter, and Thermus). tion have revealed widely shared characteristics of proWe estimated the number of synonymous nucleotide teins encoded by the genomes of thermophiles; these substitutions per synonymous site (d S ) and the number include the presence of surface ion networks, location of nonsynonymous nucleotide substitutions per nonsynof hydrophobic residues in partly surface-exposed posionymous site (d N ) between orthologous gene pairs. Betions, avoidance of thermally unstable amino acid resicause synonymous mutations are less likely than nonsyndues, and overall compact protein structure (Perutz onymous mutations to be selectively deleterious, d S 1978; Brown and Lupas 1998; Gromiha et al. 1999;  between two related sequences is expected to reflect Cambillau and Claverie 2000; Kumar et al. 2000;  both the mutation rate and the time since the se- Kumar and Nussinov 2001; Chen et al. 2003 ; Criswell quences' last common ancestor (Nei 1987) . By contrast, et al. 2003) . In addition, there is evidence that the prod N will reflect mainly the effects of purifying selection, teins of thermophiles are characterized by a distinct patwhich acts to eliminate deleterious mutations. Thus, the tern of amino acid composition (Kreil and plete genomes were not available (Table 1) . We identialso estimated d S and d N by the modified Nei-Gojobori method (Zhang et al. 1998) ; because the results of both fied orthologous gene pairs (genes homologous by descent from a common ancestral gene without gene methods were similar, only the ML results are presented here. We excluded from analyses those cases in which duplication) between each of these pairs of species. We applied the BLASTCLUST computer program, available there were no synonymous differences or where d S was undefined; of 19,606 comparisons between putative orfrom the collection of BLAST tools (Altschul et al. 1997) , to cluster protein translations to define protein thologs, 1649 (8.4%) were excluded on these grounds. We estimated d S and d N between putative orthologs families (single-linkage method). Homology search between sequences was performed using an E value of in pairs of closely related species ( Table 1 ). Note that because these comparisons were between orthologous 10 Ϫ50 and a minimum of 20% identity across at least 30% of the sequence lengths. These strict search criteria genes from pairs of closely related species, each nucleotide difference between pair members must have arisen were used to increase our chance of identifying orthologous gene pairs rather than paralogues. Only families with since the most recent common ancestor of the two species. Thus, each comparison is phylogenetically and statistically one member from each species in the pair were used in analyses, to avoid the problem of paralogous comparisons.
independent of each other comparison (Felsenstein 1985) . In statistical analyses, we assumed that each orSequences were aligned at the amino acid level using the CLUSTALW program (Thompson et al. 1994 ) and the thologous gene pair evolves independently of other genes in the genome. However, because we used the alignment was imposed on the coding sequences.
Evolutionary analyses: The maximum-likelihood (ML) orthologous gene pair as the unit of statistical analysis, our analyses did not require the assumption that each method (Yang and Nielsen 2000) implemented in the PAML program (Yang 1997 ) was used to estimate the nucleotide site evolves independently, a biologically unrealistic assumption that is routinely made in studies of number of synonymous nucleotide substitutions per synonymous site (d S ) and the number of nonsynonymous molecular evolution. We also used phylogenetically independent comparinucleotide differences per nonsynonymous site (d N ). We used the F3X4 model, which incorporates the nuclesons in the analysis of nucleotide content. Nucleotide content (both G ϩ C content and A ϩ G content) was otide composition and transition/transversion ratios estimated from the compared sequences and assumes measured at third codon positions in each of the genes compared, and then nucleotide content was averaged equal likelihood of each possible codon pathway. We might be simply due to a reduction in observed d S resulting from compositional bias in nonthermophile species. To test whether such a phenomenon could be between the two members of each orthologous pair. Thus values of G ϩ C at the third position (GC3) and responsible for our results, we examined the percentage of G ϩ C at third-codon positions (GC3) in the genes of A ϩ G at the third position (AG3) were obtained for each orthologous gene pair.
in our data set ( Figure 2a ). Factorial analysis of variance showed a significant difference in mean GC3 between the two prokaryotic domains (F 1,17956 ϭ 142.27; P Ͻ RESULTS 0.001) and a significant difference between thermophiles and nonthermophiles (F 1,17956 ϭ 5.76; P ϭ 0.016). Factorial analysis of variance in mean d N /d S ratio showed no significant difference between the two proThere was also a significant interaction between domain and thermophily (F 1,17956 ϭ 40.28; P Ͻ 0.001). karyotic domains (Bacteria and Archaea) but a significant difference between thermophiles and nonthermoThese results are explained by the observation that mean GC3 was higher in thermophiles than in nontherphiles (F 1,17956 ϭ 19.09; P Ͻ 0.001; Figure 1a ). There was no significant interaction between domain and thermophiles in the case of Bacteria, but lower in thermophiles than in nonthermophiles in the case of Archaea mophily, indicating a similar difference between thermophiles and nonthermophiles in the two prokaryotic (Figure 2a) . In both Bacteria and Archaea, GC3 was closer on average to 50% in nonthermophiles than in domains.
Although the ML method (Yang and Nielsen 2000) thermophiles (Figure 2a ). In the entire data set, there was a modest but significant negative correlation becorrects for nucleotide content bias, it is well known that under simple models, nucleotide content bias at tween d S and GC3 (r ϭ Ϫ0.101; P Ͻ 0.001). Thus, on the basis of G ϩ C content alone, the d N /d S ratio would third-codon positions can affect the observed numbers of synonymous substitutions (Wolfe et al. 1989) . If nube expected to be highest in thermophilic Bacteria, intermediate in nonthermophiles of both domains, and cleotide-content bias had a similar effect in our analyses, lowest in thermophilic Archaea. The fact that this pattern was not observed (Figure 1) supports the hypothesis that G ϩ C content bias was not a major factor in yielding the observed pattern in d N /d S ratios. When GC3 was included as a covariate in the analysis of variance in d N /d S , there was a significant effect of the covariate (F 1,17956 ϭ 5.10; P ϭ 0.024), but the significant effect of thermophily remained (F 1,17956 ϭ 19.44; P Ͻ 0.001). This result indicates that the association between thermophily and a reduced d N /d S was statistically independent of the linear relationship between d N /d S and GC3.
In the case of thermophiles, some data suggest a preference for purines in mRNAs (Lao and Forsdyke 2000; Lambros et al. 2003) . On the hypothesis that a bias in nucleotide content is most likely to be expressed at was also a significant interaction between domain and thermophily (F 1,17956 ϭ 13.99; P Ͻ 0.001). Consistent with significant effect of thermophily (F 1,9965 ϭ 7.61; P ϭ previous results (Lao and In the complete data set, the correlation coefficient was higher in thermophiles than in nonthermophiles between d N and d S in thermophiles (r ϭ 0.485; P Ͻ 0.001) (Figure 2b ). This difference was more pronounced in was similar to that in nonthermophiles (r ϭ 0.454; P Ͻ Archaea than in Bacteria (Figure 2b) . 0.001). However, analysis of covariance indicated that In contrast to the case of GC3, there was a modest there was a significant difference between thermophiles but significant positive correlation between d S and AG3
and nonthermophiles with respect to the slope of the (r ϭ 0.090; P Ͻ 0.001). As with GC3, when AG3 was linear relationship between d N and d S (Figure 3) . We included as a covariate in the analysis of variance in d N / fitted linear regression lines through the origin on the d S , there were significant effects of both the covariate assumption that d N and d S are both initially zero at the (F 1,17956 ϭ 25.21; P Ͻ 0.001) and thermophily (F 1,17956 ϭ moment of lineage divergence for thermophiles and 24.31; P Ͻ 0.001). Thus, the association between thernonthermophiles. The slope of the former line was mophily and a reduced d N /d S was statistically indepen-0.077, while that of the latter was 0.129. These results dent of the linear relationship between d N /d S and AG3.
suggest that d N increases for a given increase in d S ‫76.1ف‬ In certain comparisons, the ML method estimated times faster in nonthermophiles than in thermophiles. that multiple substitutions had occurred per site, espeOur results are consistent with the hypothesis that cially in the case of synonymous sites. Although some the proteins of thermophiles are subject to unusually authors have argued that such estimates are reliable strong functional constraints in amino acid sequence, (Blanc et al. 2003) , the accuracy of estimation may be which is reflected in a reduced level of nonsynonymous problematic because the sites have been saturated with nucleotide substitution for a given level of synonymous changes. To test whether our observed results were afsubstitution. As a further test of the hypothesis that this fected by saturation, we reanalyzed the data after excludconstraint arises from the high-temperature environing all comparisons for which d S or d N was estimated to ment, we made pairwise comparisons of shared orbe Ն1.5. The results (Figure 1b) were similar to those thologs between the hyperthermophilic archaeal genus observed with the complete data set. In a factorial analyPyrococcus and both the mesophilic genus Methanosarsis of variance the only significant effect was that of cina and the moderately thermophilic genus Sulfolobus thermophily (F 1,9966 ϭ 7.49; P ϭ 0.006). When GC3 was (Madigan et al. 2003) . included in the model as a covariate, there was no sigExamining pairs of orthologs present in both genera, nificant effect of the covariate, but there was a significant we found that d N /d S ratios for the same genes were effect of thermophily (F 1,9965 ϭ 7.41; P ϭ 0.007). Simisignificantly higher in Methanosarcina than in Pyrococlarly, when AG3 was included as a covariate, there was cus (Figure 4a ). The mean for Methanosarcina (0.074 Ϯ 0.003 SEM) differed significantly from that for Pyrococno significant effect of the covariate, but there was a more deleterious in a thermophile than in a nonthermophile. On this hypothesis, the especially deleterious nature of mutation in thermophiles would have favored the evolutionary fixation of modifiers that specifically decrease the rates of base-substitution mutagenesis. Strong selection against amino acid replacements in thermophiles would impact their molecular evolution in two ways. First, because most selectively neutral mutations that reach fixation are base substitutions and not indels, the overall rate of molecular evolution would be reduced. Second, within this generally reduced rate of molecular evolution, the fixation of nonsynonymous substitutions would be reduced compared to that of synonymous substitutions. This study provides support for the latter prediction.
It has been suggested that Archaea evolve more slowly than either Bacteria or Eukaryotes. A recent test of this hypothesis concluded that amino acid sequences of Bacteria and Eukaryotes evolve at indistinguishable rates but that those of Archaea evolve 10-40% more slowly (Kollman and Doolittle 2000) . However, in that analysis, 10% of the Bacteria but ‫%87ف‬ of the Archaea were thermophiles. By contrast, our results imply that natural selection eliminates a higher proportion of nonsynonymous mutations in thermophiles than in nonthermophiles, resulting in a lower average rate of amino acid replacement per mutational event in thermophiles, tion against amino acid changes in thermophiles operates in a similar fashion across both prokaryotic domains and that rates of evolution are likely to be indistinguishcus (0.044 Ϯ 0.002; paired t ϭ 12.29; two-tailed P Ͻ able in Bacteria and Archaea but to depend critically 0.001). Similarly, d N /d S ratios were significantly higher on optimal growth temperature. in Sulfolobus than in Pyrococcus (Figure 4b ). The mean Examination of protein-coding sequences from a for Methanosarcina (0.0584 Ϯ 0.002) differed signifiwide variety of organisms has provided evidence of the cantly from that for Pyrococcus (0.037 Ϯ 0.002; paired near ubiquity of "purifying" or conservative natural set ϭ 7.94; two-tailed P Ͻ 0.001). This result provided lection, which acts to eliminate deleterious mutations evidence of an unusually reduced rate of nonsynony- (Nei 1987) . Because of their effect on protein structure, mous substitution in a hyperthermophile. This, in turn, nonsynonymous mutations are more likely than synonyprovides additional support for the hypothesis that life mous mutations to be deleterious. As a result, over time at high temperatures imposes unusual functional conthe rate of synonymous nucleotide substitution per synstraints on the primary structure of proteins.
onymous site (d S ) is predicted to exceed the rate of nonsynonymous nucleotide substitution per nonsynony-DISCUSSION mous site (d N ), and this prediction is supported in the case of most genes (Kimura 1977; Nei 1987) . There is An analysis of mutation in a thermophilic archaeon evidence that some, if not most, prokaryote codon usage (Grogan et al. 2001 ) revealed a mutation rate close to is subject to selective constraint (Sharp and Li 1986 ; or slightly less than that characteristic of all DNA-based Bulmer 1991; Lynn et al. 2002) . Where selection favors microbes examined to date. However, the fraction of certain synonymous codons over others, purifying selecmutations that were base substitutions was half or less tion may occur at synonymous as well as nonsynonymous of that observed in eubacterial and eukaryotic microbes sites. However, that overall d N /d S ratios in prokaryotes and in mammals. This observation generated the hypothesis that the average amino acid substitution is are Ӷ1.0 (Figure 1) indicates that purifying selection mococcus celer : thermal stability and RNA binding. Biochemistry at synonymous sites is of negligible magnitude in com-42: 2857-2865. parison to that at nonsynonymous sites. for purines in mRNAs, which is also expected to affect
